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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Effects of tensile orientations on fracture and slip behaviors of (110) single crystal silicon (SCS) microstructures at a high 
temperature are reported. Specimens with a parallel portion 120 μm long, 2 μm wide and 5μm thick were aligned along <110> 
and <111> tensile axes, and were fabricated from identical silicon-on-insulator  wafers using UV lithography and a deep reactive 
ion etching. The specimens were subjected to tensile testing at 500 °C in a vacuum, which showed linear stress–displacement 
behaviors until their fractures at 3.2 GPa on <110> and at 4.0 GPa on <111>. The fracture surfaces mostly consisted of large 
planes oriented along {111}, which indicat d cl avage fractures. Contrary to the obt ined lin ar ominal stress behaviors, 
fractured specimens had surface steps owing to slip along {111}, which indicated that criteria for brittle-ductile transition of SCS 
were surpassed under the applied stress. Criteria for the slip occurrences were discussed based on maximum shear stress along 
the slip system, and stress concentration around the surface step was analyzed using finite element method calculation to discuss 
an effect of the surface step on decrease of nominal tensile strength at the high temperature. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Silicon is a standard materi l used in MEMS (micro-electro-mechanical system) devices, and because these 
devices require mechanical deformations of the structural materials to operate, many studies of material properties 
of micro-scale silicon have been reported. In addition, because silicon generally exhibits a brittle fracture and 
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fracture strength is affected by many factors such as surface morphology, the fracture properties have been also 
investigated to design highly reliable MEMS devices. Recently, the concern with MEMS devices for a high-
temperature environment has been growing, so mechanical properties of microstructures at a high temperature also 
need to be investigated. 
As well as fracture strengths, brittle-ductile transition (BDT) needs to be evaluated for the reliability at a high 
temperature, because plastic deformation results in drift of performances of devices. Recently, a size effect on BDT 
temperature was reported for single crystal silicon (SCS) nano- and micro-structures (Namazu et al. (2002) and 
Nakao et al. (2006)), while BDT temperature for a bulk structure was reported as 600 °C. However, due to 
difficulties in measurements of nano- and micro-structures at a high temperature, there have been a few reports and 
detailed criteria for BDT have not been determined.  
In this paper, effects of tensile orientations on fracture and slip behaviors of (110) SCS microstructures at a high 
temperature are reported. Specimens with a parallel portion of 2-μm width and 5-μm thickness are aligned on <110> 
and <111> tensile axes, and are fabricated from identical silicon-on-insulator (SOI) wafers using UV (ultraviolet) 
lithography and a deep reactive ion etching (RIE). Specimens along different orientations are subjected to different 
shear stress conditions along slip system of SCS, which would be useful for revealing criteria for plastic 
deformations on the microstructures. The tensile testing of the specimens is performed at 500 °C in a vacuum 
employing a high-temperature tensile-testing system which we have reported (Uesugi et al. (2015)). Based on 
obtained tensile stress curves and observation results of fracture shapes focusing on fracture surfaces and surface 
steps formed owing to slip, we discuss effects of tensile orientations on slip and fracture behaviors at 500 °C.  
2. Experiment 
2.1. Specimen 
Figure 1 shows schematic of specimens. The specimens were designed to be fabricated from SOI wafers, as 
shown in Fig 1a; the device layers were patterned to shape the specimens and the handle layers were patterned to 
release them. The specimens consisted of a parallel portion subjected to tensile testing, with the shoulders on the 
both sides rounded to prevent stress concentration and with a large paddle on the free end to be gripped 
electrostatically when performing tensile testing (Tsuchiya et al. (1998)). The parallel portion was designed to be 2 
µm wide, 5 µm thick and 120 µm long. The specimens were aligned on two major crystallographic orientations, 
<110> and <111> on (110) wafers. Figure 1b shows layouts of the specimens on testing chips. All specimens in 
different orientations were fabricated on the same wafer, which minimized the effects of processing variations 
 
 
Fig. 1. (a) Specimen’s top view (upper image) and cross-section (lower image); (b) specimens’ layouts on testing chips. 
 
Fig. 2. Fabrication process, (a) UV lithography; (b) Deep RIE for specimen patterning; (c) Deep RIE from backside; (d) Etching of sacrificial 
oxide. 
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Fig. 3. SEM image of the fabricated specimen. (observing angle: 45°) 
among the specimens, so that any effects due to the different orientations would be clarified. 
The specimens were fabricated on SOI wafers with P-type (boron-doped) device layers whose electrical 
resistivity was 10–30 Ω·cm. Figure 2 shows schematic of the fabrication process. The fabrication process possessed 
UV lithography, a deep RIE of the device and handle layers using the Bosch process, and a sacrificial oxide etching. 
An i-line 5x reduction stepper was used in the UV lithography on the device layer to pattern the specimen with a 
high resolution and uniformity. Figure 3 shows a scanning electron microscope (SEM) image of the fabricated 
specimen. Sidewall surface of the specimen exhibited periodic undulations with about 100-nm cyclesasscallop 
damage owing to the Deep RIE and also exhibited a small step of about 50 nm on the middle due to a switch of 
etching conditions of the Deep RIE. The lower area of the sidewall was etched employing notch-free process to 
prevent damage on lower edges of the specimens.  
2.2. Testing system and conditions 
Figure 4 shows the system for tensile testing at high temperature in a vacuum (Uesugi et al. (2015)). The tensile 
testing was carried out in a vacuum chamber with a chiller. Tensile force was applied using a piezoelectric stage 
(SFS-H40X, SIGMAKOKI) and measured with a load cell with a capacity of 500 mN (LTS-50GA, Kyowa 
Electronic Instruments).The above two instruments were connected to the testing chip and the gripping probe via 
quartz arms and fixture jigs made of conductive boron nitride whose coefficient of thermal expansion is negligibly 
small. The testing chips were aligned using accurately milled slots on the fixture jig to control the orientation angles, 
as shown in Fig. 4b.The displacement of the piezoelectric stage was determined employing a laser displacement 
sensor (LC-2430, Keyence Corporation) placed adjacent to the chamber, which was not affected by the testing 
temperature. 
The testing system possessed an infrared (IR) light heating system IR light from two lamps were concentrated 
using ellipsoidal mirrors to the center of the chamber where the tensile testing was performed (hereafter, testing 
area). The concentrated IR light covered the whole testing area to shed temperature non-uniformity in it. The testing 
area was locally heated in the chamber, because the quartz arms possessed a high IR transmission and a low thermal 
 
 
Fig. 4. (a) Schematics of testing machine (Uesugi et al. (2015)); (b) the testing area. 
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conduction. In addition, temperature at the interior wall surfaces of the chamber was maintained at room 
temperature (RT) owing to the chiller, so that temperature rise of the piezoelectric stage and the load cell was 
suppressed. The system could heat the testing area up to 800 °C at a heating rate of 200 °C/min, which were 
controlled monitoring temperature near the testing chip using an r-type thermocouple, as shown in Fig. 4b. 
The two fixture jigs were wired to a direct-current (DC) high voltage supply (PMC250-0.25A, KIKUSUI 
ELECTRONICS) to control the electrostatic-force grip of the specimens. The DC voltage applied for the grip was 
determined as a function of testing temperature to be kept below dielectric strength of silicon nitride used as 
insulating film on the gripping probe; 180 and 110 V was applied at RT and 500 °C, respectively. The DC voltage 
for the grip was applied just prior to the tensile testing when the testing area had been heated, so that the tensile 
testing was performed without influence from thermal expansion of measurement equipment. 
The tensile testing in this work was carried out at 500 °C with the pulling rate of the piezoelectric stage of 0.14 
μm/sec. The pulling rate was decided to be as low as possible in the system to clarify criteria for no slip which is 
needed for designing MEMS devices, because BDT temperature of silicon decreases as a strain rate decreases. The 
testing was performed in a vacuum with a pressure less than 100 Pa, which suppressed an oxidation on the specimen 
surfaces within a testing time as long as 20 mins.  
3. Results and discussion 
Figure 5 shows tensile stress-stage displacement curves of <110> and <111> specimens. The tensile stresses of 
the both specimens increased linearly with increasing the stage displacement before sudden stress drops indicating 
the specimen’s fractures at about 3.2 GPa for <110> and about 4.0 GPa for <111>. The strain rates in the testing 
were estimated to be 1.76 × 10-4 s-1 and 1.60 × 10-4 s-1 for <110> and <111>, respectively, based on the stress curves’ 
slopes and theoretical elastic modulus. Plastic elongations could not be identified from the stress curves, which 
indicates that the specimens macroscopically behaved as a brittle material under the testing temperature and tensile 
stress. 
The fractured specimens were observed using SEM. As shown in Fig. 6 and 7, both <110> and <111> fractured 
specimens had surface steps owing to slip along {111}, which indicated criteria for BDT of SCS were surpassed  
under the applied tensile stresses. On the other hand, their fractures surfaces indicate cleavage fractures. The fracture 
surface of the <111> specimen consisted of a large plane oriented along {111}. The <110> specimen fracture 
propagated along {110} in its initial phase and mostly along {111} after it. 
The both fractures ultimately originated from etching damage on the sidewalls due to DRIE. In addition, fracture 
of the <110> specimen occurred near the surface step, which indicated the fracture of <110> specimen was also 
related to stress concentration at the surface step and occurred immediately after the surface step had been formed. 
The nominal tensile strength of the <110> specimen was more affected from the slip occurrence than that of <111> 
specimen whose surface step was not observed near the fracture origin. 
In the <111> specimen, slip and fracture could be discussed separately, because they were independent in terms 
 

Fig. 5. Tensile stresses of <110> and <111> specimens at 500 °C as a function of the position of piezoelectric stage 
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Fig. 6. <110> specimen’s (a) surface step and (b) fracture shape (left: top-view image, and right: angled-view image). 
 
Fig. 7. <111> specimen’s (a)surface step (upper: raw image, and lower edge-enhanced image) and (b) fracture shape. 
 
Fig. 8. {111} planes in <110> and <111> specimens. 
of orientation and location. Figure 8 shows schematics of different {111} planes in the specimens except for planes 
parallel to <110> tensile axis. There are four types of {111} planes in <111> specimens. The fracture occurred along 
A which is perpendicular to the tensile axis and was dominated by stress along normal direction. The slip occurred 
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along C, dominated by shear stress, though intersecting angles of tensile axis to B, C, and D are similar. Angles of 
the planes to structure surfaces and intersecting area size in the specimen are different, which might affect active slip 
plane. On the other hand, two {111} planes in <110> specimen have identical criteria for slip occurrence, because 
they are equivalent in terms of angles to specimen surfaces as well as those to the tensile axis.  
Here we discuss criteria for slip, focusing on shear stress along the slip system of SCS and considering the 
relationship between the fractures and the slip occurrences. SCS at high temperature exhibits glide-set dislocation 
whose Burgers vector is <11-2>, and maximum Schmid factors for <110> and <111> tensile axes are calculated as 
0.471 and 0.314, respectively. Shear stresses for the slip occurrences estimated from the experimental results were 
smaller than 1.3 GPa for the <111> specimen and about 1.5 GPa for the <110> specimen, respectively, considering 
the close relationship between the slip and the fracture of the <110> specimen. The difference in the estimated shear 
stresses might be associated with differences in area size and length of the slip, which were related to specimen 
dimensions. 
Herein, the fracture of <110> specimen occurred near the surface step is discussed. Finite element method (FEM) 
calculation using CoventorWare was conducted to discuss an effect of stress concentration around the surface step 
as a factor decreasing nominal tensile strength at a high temperature. Because the fracture of the <110> specimen 
propagated along {110} in its initial phase, we focused on stress perpendicular to {110}, i.e. stress along the tensile 
axis. Figure 9 shows a FEM model of a flat bar with surface steps. The model was constructed with assumptions as 
follows: 
 The surface step was along {111} due to the slip system of SCS, whose external angle at the bottom was 125.2°. 
 The observed surface step was much smaller than the width of the specimen, so that the surface step height, s, 
was assumed to be 1 % of the beam width.  
 Fillet with a radius of r was inserted at the surface step, because the surface steps were assumed to be formed 
with a slip band containing a cluster of small steps. 
The calculation was carried out as isotropic and anisotropic elastic bodies respectively using elastic properties 
matched to those of SCS (McSkimin et al. (1951)), as tabulated in Table 1. In the calculation with anisotropic 
elasticity, X, Y, and Z axes in the model were aligned to <110>, <100>, and <110> directions, respectively. 
Temperature dependencies of the elastic properties were not considered, because they are smaller than 100 ppm/K.  
Table 1. Elastic properties used in the FEM calculation. 
Elasticity type Elastic properties 
Isotropic Elastic modulus [GPa] 169 
Poisson's ratio 0.3 
Anisotropic  Elastic constant C11 [GPa] 167.4 
Elastic constant C12 [GPa] 65.23 
Elastic constant C44 [GPa] 79.57 
 
 
Fig. 9. FEM calculation model of flat bar with surface steps under tensile stress. 
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Fig. 10. FEM calculation results of (a) distribution of stress along tensile axis on the isotropic elastic body and (b) stress concentration factor as a 
function of fillet radius. 
 
Fig. 11. Edge line of the surface step of the <110> specimen indicating r/s of around 3–4. 
The FEM calculation was conducted with different ratio of radius of the fillet to the surface step height, r/s, 
ranging from 0.1 to 10.0, which showed similar results between the isotropic and anisotropic elastic bodies. As 
shown in Fig. 10a, the stress concentration peaks were at the bottom of the steps, which agreed with the fracture 
shape as shown in Fig. 6a. Maximum stress along tensile axis increased as the r/s decreased; the stress concentration 
factor of 3.6 and 1.2 were obtained at r/s of 0.1 and 10.0, respectively.  
The surface step shape on the fractured <110> specimen was estimated from the step on the opposite side of the 
fracture origin from SEM image as shown in Fig. 11, because it was difficult to determine the step shape near the 
fracture origin and because the step shape was thought to be similar on the both side of the specimen. As a result, the 
step height s was estimated to be around 50 nm, and fitted edge line of the specimen indicated r/s was around 3–4, 
whose stress concentration factor was around 1.4–1.6 according to the FEM calculation result. The estimated value 
of r/s might have measurement error and be larger than the actual shape due to a low resolution of SEM image. To 
clarify criteria for fracture around surface step at a high temperature, measurements of the surface step shapes with 
higher resolution and comparison of the fracture strength with those at slightly lower temperatures than 500 °C are 
needed. 
4. Conclusion 
In this paper, we reported tensile fractures and slip behaviors of <110> and <111> silicon microstructures with 
surface orientation of (110). Fractured specimens of <110> and <111> had surface steps formed owing to slip, and 
the <110> specimen fractured near the surface step, which indicated a close relationship between the slip and the 
fracture. An effect of the surface step on nominal tensile fracture strength was discussed using FEM calculation, 
which estimated that a stress concentration factor at the surface step was around 1.4–1.6 on the <110> specimen. 
Criteria for slip occurrence of the two specimens were also discussed, based on maximum shear stresses along 
slip system of SCS which were calculated with Schmid factors. As a result, estimated shear stresses for slip 
occurrence had difference of 15 % between the <110> and <111> specimens, and active slip plane of the <111> 
1420 Akio Uesugi et al. / Procedia Structural Integrity 2 (2016) 1413–1420
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specimen was not fully explained. Those phenomena need to be investigated employing analytical approaches in 
more detail as a clue to reveal relationship between BDT and structure dimensions. 
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